Abstract Interspecific and intergeneric relationships of Prunus s.l. are still unclear due to low levels of genetic variation among species, and resulting partially unresolved phylogenetic inferences. Here we sequenced and compared six complete plastomes from two subgenera of Prunus in order to choose molecular markers to increase the amount of genetic variation suitable for inference of Prunus phylogeny. The plastomes range between 157 817 and 158 995 bp in length, and we found different levels of inverted repeat (IR) contraction among the three sampled subgenera of Prunus s.l. Most regions in Prunus plastomes considered individually provide low phylogenetic resolution at the subgenus or species level compared to a tree constructed using all 78 coding regions combined. We compared levels of variation among 206 coding regions and noncoding (intergenic and intron) plastid regions and inferred phylogenies from each region considered individually. We then chose using two regions together for future studies of relationships in Prunus, ycf1 and trnT-L, that display high to moderate levels of variation among coding and intergenic regions, respectively, and that individually permit inference of resolved species-level trees in Prunus with moderate to strong branch support. Considered together, these two regions allow inference of the same topology of Prunus inferred using all coding plastid regions combined, with comparable levels of tree support to the full plastome set. These two loci should therefore be useful as a plastid phylogenetic marker set for further inference of relationships within Prunus s.l.
Introduction
Prunus L. sensu lato (Rosaceae) comprises more than 200 species distributed in temperate regions of the northern hemisphere, and tropical and subtropical regions (Y€ u et al., 1986; Shi et al., 2013) . The genus includes tree species bearing many edible fruits and "nuts" such as cherries, peaches, plums, apricots, almonds, in addition to ornamental species of economic and cultural importance. The phylogenetic history of Prunus s.l. has been of interest to plant systematists, but intersubgeneric relationships have been problematic to resolve, and circumscriptions have been debated (Bortiri et al., 2001; Lee & Wen, 2001) . Ohta et al. (2007) reported that the sequences of four noncoding regions of the plastome were highly similar among Japanese cherry tree species (subgenus Cerasus). Wen et al. (2008) analyzed the plastid ndhF region, but its low genetic variation led to poorly resolved trees among five subgenera in the genus. Shi et al. (2013) examined Prunus s.l. phylogeny using 12 plastid regions and three nuclear genes and recovered monophyly of three subgenera: Prunus (which has seven sections), Cerasus and Padus. They also found subgenus Padus to be distinct from Cerasus and Prunus with strong support, even though the fruit of Padus is similar to that of Cerasus. Nevertheless, their tree had multiple branches with weak support within each subgenus. Cho et al. (2014) suggested that the maternal parent of Prunus Â yedoensis was P. spachiana f. ascendens based on seven plastid noncoding regions, and found neither P. spachiana f. ascendens or P. yedoensis to be monophyletic. In addition, most branches were weakly or only moderately supported in their study. Recently, Zhao et al. (2016) considered the potential of At103, a nuclear gene, together with nuclear ITS (ribosomal internal transcribed spacers), for resolving phylogenies in the genus Prunus and making inferences about the evolution of inflorescence structure and ploidy level. However, they had trouble resolving subgenus and subgeneric relationships. Consequently, new molecular markers are needed to resolve the phylogeny of Prunus s.l with strong support.
Plastid regions have substantial utility in phylogenetic inference (Dong et al., 2012) , but whole plastid genomes have recently been used for improved inference of relationships among species (Zhang et al., 2011; Ku et al., 2013a Ku et al., , 2013b Sarkinen & George, 2013; Yang et al., 2013) . Whole plastomes are still more expensive and time-consuming to recover than individual plastid regions, but comparative plastome analysis between closely related species can be used to identify candidate molecular markers that possess sufficient molecular variation to be useful in PCR-based phylogenetic studies. Here we obtained plastome sequences from three subgenera of Prunus s.l., as circumscribed by Shi et al. (2013) , to identify candidate molecular markers useful for the inference of Prunus s.l. phylogeny. We located highly variable regions among plastomes using p-distance comparisons, and compared individual trees generated by variable regions to a whole-plastome tree reconstructed using most genes, which often leads to well resolved trees (Zhang et al., 2011; Yang et al., 2013; Henriquez et al., 2014; Kim et al., 2014; Givnish et al., 2015; Ross et al., 2016) .
Material and Methods
2.1 Sampling, DNA extraction, genome sequencing, and gene annotation We sequenced six complete plastid genomes from subgenus Cerasus and Padus here. Plant material of the subgenus Cerasus (Prunus yedoensis, two accessions of P. spachiana f. ascendens (I and II), P. serrulata var. spontanea, and P. maximowiczii) was collected from Mt. Halla on Jeju Island, Korea. Prunus padus was collected from Mt. Cheonma in Gyeonggido, Korea. All of the used here collections are unvouchered because of collection restrictions, so we could obtain only leaves from the protected localities for the present study. Young fresh leaves were ground in liquid nitrogen and total genomic DNA was extracted using a DNeasy Plant Mini Kit (Qiagen, Netherlands). Total genomic DNA was sequenced based on paired-end sequencing using an Illumina MiSeq sequencer (Illumina, San Diego, CA, USA). All reads were trimmed using an error probability limit of 0.01 (>0.1% chance of error per base) using Geneious program (ver. 7.1.7, Kearse et al., 2012) . Reads in each library were aligned to three reference plastome sequences of Prunus (P. mume of subgenus Padus (NC023798), P. kansuensis (NC023956) and P. persica (NC014697) of subgenus Prunus) using Geneious 7.1.7 assembler with medium-low sensitivity of default setting. The reference-assembled reads were then re-assembled de novo with zero mismatches and gaps allowed among reads. We then de novo assembled the contigs to generate a single circular contig.
Newly generated plastome sequences were annotated by comparing with the two available reference sequences of subgenus Prunus (P. kansuensis and P. persica) using Geneiousbased annotation, and were rechecked using blastp for proteincoding genes (Altschul et al., 1990 ) and tRNAscan-SE for transfer RNAs (Lowe & Eddy, 1997) . Summary statistics of the six newly reported plastomes sequences are described in Table 1 .
Comparisons of p-distances between Prunus s.l. and Prinsepia utilis
To identify candidate molecular marker with high resolution of the species relationships in the genus, 10 plastomes of nine Prunus species and Prinsepia utilis, a sister of Prunus s.l., were divided into three categories: 78 coding regions, 108 intergenic spacers (IGSs), and 20 introns. They were aligned using MAFFT (Katoh et al., 2002) with default setting. All of the aligned sequences were grouped into four groups: Gp1 (subgenus Prunus), Gp2 (subgenus Cerasus), Gp3 (subgenus Padus), and Gp4 (genus Prinsepia). P-distances between the four groups were calculated using MEGA6 (Tamura et al., 2013) . Three ranked sets of p-distances were determined as follows: ranked sums of p-distances among the three subgenera of Prunus s.l. (ranked set A), ranked sums of p-distances between Prinsepia and the three subgenera of Prunus s.l. (ranked set B), and ranked sums of all p-distances (ranked set C).
2.3 Whole-plastid genome tree and 188 trees for individual regions Fifteen plastome sequences, three Fabales and twelve in Rosales (one Moraceae, seven Rosoideae and four Spiraeoideae of Rosaceae), were downloaded from GenBank (Table S1 ) to construct a phylogenomic backbone tree. All coding regions were extracted from 24 plastomes including the ones recovered here, and each protein-coding gene was aligned using MAFFT (Katoh et al., 2002) . The 78 aligned coding sequences were concatenated. The DNA substitution model (GTR þ I þ G model) was chosen using jModelTest 2.1.6 (Darriba et al., 2012) , and used in maximum likelihood (ML) analysis and Bayesian inference. ML analysis was conducted using RAxML version 8.0.0 (Stamatakis, 2014) on the CIPRES Science Gateway (Miller et al., 2010) . Bayesian inference was conducted using MrBayes 3.2 (Ronquist et al., 2012) with Ngen ¼ 1 000 000, Samplefreq ¼ 200, and Burninfrac ¼ 0.25.
We also compared topologies between the 78-gene plastome-wide tree and gene trees inferred from individual plastid regions, we constructed 188 ML trees (representing all 206 plastome regions, except for 18 IGS regions that were shorter than 100 bp in length). Princepia utilis was used as outgroup based for this part of the study. The best-fit model for each individual region was selected using Geneious model test and JModelTest 2.1.6 (Darriba et al., 2012) .
Results
3.1 Plastid genome structure in Prunus s.l. The average coverage of the six plastome sequences generated in this study ranged from 153.5-(P. padus) to 1498.7-fold (P. spachiana f. ascendens I), with a GC content of 36.6%-36.7%. Plastome size ranged from 157 817 to 158 995 bp in length. Plastomes consisted of a pair of inverted repeat regions (IRs; 26 209-26 436 bp) separated by a large single copy region (LSC; 85 848-87 666 bp) and a small single copy region (SSC; 18 871-19 210 bp) ( Fig. 1 ; Table 1 ). The gene content and genome structure of the two subgenera Cerasus and Padus were identical to that of published sequences in subgenus Prunus (Jansen et al., 2011) . All plastomes contained 78 unique protein-coding genes, four ribosomal RNAs, and 30 transfer RNAs. Among these, six coding genes, four rRNA genes, and seven tRNA genes were duplicated in the IR region, and 21 coding genes contained introns. From the comparison of the genomes among the subgenera, we found moderately large deletions. The rps16-trnQ, trnS-trnG, and ycf3-trnS regions of the subgenera Prunus and Cerasus were 178-277 bp shorter than those of subgenus Padus. In addition, the position of the 3 0 -end of the rps18 gene was shifted in the subgenera Prunus and Cerasus due to a 136 bp deletion near the 3 0 -end of the gene. The LSC-IRb junctions of the three subgenera of Prunus s.l. were slightly different. Unlike the 62-101 bp 3 0 -end of rps19 in the LSC region of subgenera Prunus and Cerasus, P. padus (subgenus Padus) contained a 240 bp 3 0 -end fragment of rps19 in LSC region (Fig. S1 ). The IRb-SSC junctions were divided into two types. In Type I, the complete ndhF was located in the SSC region of subgenus Cerasus. In Type II, a 10-19 bp fragment of the 3 0 -end of ndhF was included in the IR of subgenera Prunus and Padus (Fig. S1 ). The SSC region in P. padus was shorter than others due to predicted indel mutations, including a large one between ndhE and ndhG. As a result, the plastome of P. padus contains the largest LSC region and the smallest SSC and IR regions in Prunus sampled to date.
The plastomes of P. yedoensis and two P. spachiana f. ascendens accessions are almost identical. Among them, only 10 SNPs were found, nine of which occurred in the plastome of P. spachiana f. ascendens I, and one in P. spachiana f. ascendens II. In addition, seven of 10 regions of variable length were caused by homopolymers and three caused by tandem repeats. Only two variable length regions were found between P. yedoensis and P. spachiana f. ascendens.
Analyses for marker selection
To build a well-supported tree for Prunus s.l., we reconstructed the plastid genome-based phylogeny of Rosaceae with 78 coding genes using ML and Bayesian analysis. The total length of concatenated alignment was 69 738 bp. Of these, 53 699 characters were identical and 5702 characters were variable but parsimony-uninformative. There were 10 337 parsimony-informative characters, and gaps were considered as missing data. The tree topologies in both analyses were identical (Fig. 2) . Compared with this tree of Prunus s.l., most of the ML trees generated from the 188 loci showed low resolution at the species level and poorly supported subgenus boundaries. Forty ML trees showed the same topology as the Fig. 2 at the subgenus level. However, only seven were resolved at the species level, except for the relationship between P. yedoensis and P. spachiana f. ascendens (Fig. 3) . The relationship between P. yedoensis and P. spachiana f. ascendens could not be resolved even for the tree inferred from all 78 genes (Fig. 2) .
All of the p-distances of the 78 protein-coding regions among the four defined groups were < 0.1 (Fig. S2A) . On average, the intergeneric p-distances between Prinsepia and the three subgenera of Prunus s.l. were approximately five times larger than the p-distances among the three subgenera of Prunus s.l. The coding genes in the IR regions were more highly conserved compared to those in the LSC and SSC regions, and seven genes had identical sequences among Prunus s.l. The p-distance of ycf1 was the largest, followed by matK and ndhF in ranked sets B and C. The p-distances of rps18 and ndhI were relatively high, but were overestimated as frameshift mutations caused misalignments at the 3 0 ends of these genes. The p-distances of IGSs were 0 to 0.325 (Fig. S2B) ; trnR-atpA was the most variable region among the four groups, except between subgenera Prunus and Cerasus. The pdistance of rpl33-rps18 was the second highest in ranked set A, but this was also overestimated because of misalignment due to one small inversion including a 28 bp loop region. The pdistances of the introns in the IR region were highly conserved similar to the coding genes (Fig. S2C) . The rps16 intron showed the highest p-distance of all 20 introns.
Discussion
4.1 Structural evolution of plastomes in Prunus s.l. Wang et al. (2008) suggested that the IR expansion in angiosperms encompassing the rps19-rpl2 gene cluster in LSC- Ã The plastome sequences were downloaded from NCBI.
IRb junctions might be related to a DNA double-stranded break that terminates near a poly-A tract. The poly-A tracts in IRa-LSC junctions were detected in all released plastomes of Rosaceae (seven Rosoideae and four Spiraeoideae) and the newly sequenced data here. However, it is difficult to estimate the ancestral type of LSC-IRb junctions in Rosaceae, as complete plastome sequences of other families in Rosales were not available (Ravi et al., 2006) . Although we scanned just a few species and genera from approximately 90 genera and 3000 species (Potter et al., 2007) , the presence or absence of partial rps19 in the IR region supports the monophyly of each subfamily in Rosaceae. Compared with other plastomes in Rosaceae, the intact rps19 belongs to the LSC region in Rosoideae, but is partially located within rps19 in Spiraeoideae (Terakami et al., 2012; Salamone et al., 2013; Wang et al., 2013; Korotkova et al., 2014) . IR expansion or contraction could have occurred in either ancestor of the two subfamilies. Divergences in plastome sequences at the intraspecific level have been reported in many angiosperms. For example, twenty SNPs and four indels were detected in eight olive cultivars (Mariotti et al., 2010) , and two ecotypes of Panicum virgatum (Poaceae, Poales) were distinguished on the basis of 116 SNPs and 46 indels (Young et al., 2011) . In addition, 32 SNPs were reported in 17 Jacobaea vulgaris (Asteraceae, Asterales) individuals (Doorduin et al., 2011) . A total of 131 SNPs differed between the two subspecies of Fragaria vesca in Rosaceae (NC015206 and KC507755). However, only one SNP differed between P. yedoensis and P. spachiana f. ascendens I here. The morphological similarities (Wilson, 1916; Cho et al., 2014) and extremely low genetic variation between these two close related species is consistent with P. yedoensis being a hybrid species derived from a cross that involved P. spachiana f. ascendens as a maternal parent.
Selection of molecular markers for Prunus phylogeny
When comparing intergeneric and intersubgeneric p-distances, most loci in Prunus s.l. plastomes showed very low p-distances, and some were completely identical. Most p-distances in IGS regions were also < 0.1, except for some p-distances between Prinsepia and subgenera in Prunus s.l. Moreover, the difference between intra-and inter-generic substitution rates also posed a challenge for identifying suitable markers. According to the pdistances, ranks in set A (sum of p-distance among the three subgenera of Prunus s.l.) were not strongly related to ranks in set B (distance between Princepia and three subgenera). Therefore, markers that distinguish Prunus s.l. from other genera in Rosaceae would not necessarily correspond to those for intersubgeneric or interspecific phylogeny of Prunus s.l. Consequently, p-distance comparisons should only be one step in selection of markers for the inference of the phylogeny of Prunus s.l.
Previously used plastid-based markers for Prunus phylogeny include the rpl16 intron, and trnH-psbA, trnL-F, and trnS-trnG intergenic spacers (Bortiri et al., 2001 (Bortiri et al., , 2006 Shaw & Small, 2004 Ohta et al., 2007; Shi et al., 2013) . However, the pdistances of these four regions are not substantially greater than the others, except for the p-distance of trnS-trnG among the subgenera of Prunus s.l. and that of trnH-psbA between Prunus s.l. and Prinsepia. In addition, the ML tree of trnS-trnG showed low resolution at the species level (not shown in Fig. 3) and those of the other three regions could not distinguish between the three subgenera of Prunus s.l. The trnR-atpA region has also been suggested as a DNA marker for other genera in Rosaceae (Korotkova et al., 2014) . However, the AT content of trnR-atpA is high in Prunus s.l. and contains nine ITRs (Insertion by Tandem Repeats), which may lead to overestimation of the number of informative sites for phylogenetic analyses.
Here we chose ycf1 and trnT-L as the best molecular markers, based on tree topology ( Fig. 3 ; these are each two of only seven regions that allowed resolution of all species-level relationships in Prunus, and gene trees based on them individually were also well-supported), and the amount of genetic variation across 206 loci ( Fig. S2 ; ycf1 is the proteincoding region with the most variation, and trnT-L has a moderate level of variation considering other intergenic spacer regions). Shi et al. (2013) analyzed ycf1 in Prunus s.l. in a phylogenetic study, but they used a small portion of the whole region (1200-2100 bp, 15% of entire length). Most substitutions in ycf1 are widely distributed and the intact ycf1 is too large to obtain the whole sequence simultaneously. Nevertheless, ycf1 contains conserved sequences for primer design that should allow us to target the whole ycf1 region as a phylogenetic marker. The trnT-L region was suggested as an efficient molecular marker for angiosperm lineages at low taxonomic levels and it has been used in populationlevel studies of Prunus s.l. (Kadu et al., 2011; Iwasaki et al., 2012) . A tree inferred using ycf1 and trnT-L considered together also shows the same topology inferred using 78 concatenated protein-coding plastid genes, with similar levels of branch support. We therefore propose using these two regions as a novel phylogenetic marker set for future work to resolve relationships in Prunus s.l. Fig. 3 . Phylogenetic trees of Prunus s.l. based on maximum likelihood (ML) analysis. Princepia utilis was used as outgroup (based on Fig. 1) . A-G, The seven of 188 loci in the plastome that had resolution at the species level (except for the relationship between P. yedoensis and P. spachiana f. ascendens). H, Phylogeny inferred from a concatenated alignment of ycf1 and trnT-L. Numbers on branches indicate ML bootstrap support values.
